Finite availability of phosphorus (P) resources makes recovery of this nonsubstitutable plant nutrient from alternative waste sources an increasingly attractive option of renewed interest. In this context, feasibility of struvite (MgNH 4 PO 4. 6H 2 O) recovery, an alternative P fertilizer is already demonstrated at laboratory scale from range of waste streams of farm, municipal and industrial origin, with reasonably high orthophosphate recovery efficiency (~90%). However, apart from a few commercial extraction units using municipal sludge and urine, large scale struvite recovery is not widely adopted for many of these sources. Moreover, need of some research interventions that are restricting its profitable recovery are also highlighted by earlier studies. To increase recovery efficiency *Manuscript Click here to download Manuscript: Manuscript_struvite.docx Click here to view linked References from identified potential sources in terms of cost and energy input, research focuses on some new aspects of the process such as prospects of alternative recyclable magnesium sources, different seed materials and their related issues, which are analyzed in this review.
Introduction
Global increase in population indicates the need for adequate food production, which can in turn be met through intensification of agricultural sector, with arable land being finite. The role of fertilizer is indispensible for securing escalated agricultural production where phosphorus (P) is one of the non substitutable fertilizers. P being reactive, its association with other elements makes its availability to plants restricted in soil. Therefore, its external supply becomes almost essential.
Presently the only source of commercial P fertilizer is natural phosphate rock spread in handful of countries. China, USA, Morocco and Russia are contributing about 75% of world total P production (Heckenmüller et al., 2014) . Consumption of P fertilizer is seen somewhat stabilized in the developed countries, but its demand in the developing world is seen increasing (Heffer and
The actual extent of commercially viable global phosphate reserve remains a subject of substantial uncertainty in the recent years (Vaccari, 2009; Schröder et al., 2010) . However, exhaustion of global reserves of rock phosphate or a peak P is expected to occur considering increasing demand for P fertilizer and finite non renewable natural reserve of rock phosphate (Cordell and White, 2011;  Heckenmuller et al., 2014).
as analogous to peak oil , means the point of time when maximum production or extraction rate of phosphorus is reached after which rate of production declines. There could be ambivalence among researchers about the timing of peak phosphosrus; however, there is no dispute about its occurrence. This is due to decreasing global P stock associated with ever increasing population and subsequent growth of food demand. Therefore, need of the moment is to investigate opportunities for its sustainable management, considering cost-effective, energy efficient and environmentally compatible means of P recycling.
P conservation methods identify recycling of P from viable P sources as an option, which tries to convert P from a source into a product with enhanced nutrient values. Struvite alkaline pH and appropriate mixing are required to precipitate struvite (Rahaman et al., 2008) . Struvite, being a slow release fertilizer, can contribute to crop productivity enhancement. Besides its prospect as fertilizer, recovery of struvite has some additional advantages. Such recovery is environmentally useful since the waste becomes suitable for safe disposal after extraction of excess nutrients (Gell et al., 2011) . Woods et al. (1999) demonstrated that P recovery from sewage sludge resulted in reduction of sludge volume up to 49% when calcium phosphate recovery was used following conventional biological treatment. Reduction in sludge volume minimizes the operating cost of waste treatment unit.
Struvite recovery from municipal waste sludge at global scale is expected to reduce about 1.6% of worldwide phosphate rock mining (Shu et al., 2006) . Thus, integration of a such recovery process along with waste management system would help in cost efficient relocation of excess nutrients (Burns and Moody, 2002) by closing the P loop in soil crop animal human soil cycle (Shu et al., 2006) .
Importance of developing a slow release N and P fertilizer to meet the projected global crop production is also justified by previous study (Tilman et al., 2002) . Previously struvite precipitation was seen in wastewater treatment plant as a problematic spontaneous deposition due to prevailing favourable conditions of struvite formation. Until 2006, majority of the research works focussed on the mitigation strategies of struvite precipitation, as the system efficiency of wastewater treatment plant is reduced due to clogging of conduits by struvite crystals (Doyle and Parsons, 2002) . Several control strategies including addition of Fe/Al salt, phosphate fixation with sludge, uses of chemical inhibitors and ultrasonic technology have been attempted with varying degree of success. The difficulties in P recovery from Fe/Al salt and environmental issues of safe disposal of sludge are faced while adopting the above mitigation strategies besides increase in sludge volume (Ohlinger et al., 1998; Wu et al., 2005) . In absence of an effective mitigation strategy, designed recovery of struvite has been attempted after increased understanding of the process conditions of struvite formation (Moerman et al., 2012) . The associated benefits as mentioned earlier also motivated to adopt s a resource recovery option.
The bio-geochemical P cycle deposits significant amount of P in some easily accessible and abundant natural sources. Recycling of P from such natural source seems to be a potential option to restrict P outflow from the P sedimentary cycle. A range of waste streams of natural origin contains excessive P, which requires reduction before safe disposal. Feasibility of struvite recovery from about twenty sources of farm, municipal and industrial origin has been established at laboratory scale. The precipitation process is simple in majority of the cases. However, modification of process is required due to inherent heterogeneity of some typical sources. Depending upon the characteristics of the source, pre-treatments such as anaerobic digestion (Beal et al., 1999) Previous studies have shown feasibility of struvite production at laboratory scale successfully, though full scale installations are limited. At present, municipal wastewater sludge and human urine are the two sources used for commercial struvite recovery, though at a very limited scale. However, recovery of struvite exhibits some difficulties mainly due to heterogeneous characteristics of source. Further, requirements of additional chemical inputs and low recovery efficiency make the process uneconomical. Therefore, in recent times, there are increasing concerns towards the techno-economical aspects of the recovery process to increase process efficiency and cost reduction. Significant progress has been made on three aspects of the recovery processes viz., (a) modification of struvite precipitation mechanism for improvement of reaction conditions, (b) investigation on additional benefits of struvite recovery process for its further promotion and (c) prospects of struvite as alternative sources of crop nutrients in view with the regulatory limits of fertilizer. Based on these aspects, this review highlights the development in researches on (a) modification of struvite recovery mechanism for improvement of crystallization with incorporation of alternative Mg sources and seed material, (b) struvite precipitation as a method of nitrogen preservation and (c) assessment of fertilizer value of struvite on a range of crops, considering struvite properties, composition, soil and plant interaction and comparative performance with chemical fertilizer.
Attempt is made to analyse the practical relevance and significance of these aspects to help making informed decisions about future directions for struvite research and development. . Use of acid dissolved magnesite in struvite production cuts down the overall production cost. However, it leads to higher alkali consumption so as to achieve required alkaline condition neutralizing the acid used for magnesite decomposition. Therefore, overall benefit from cost reduction is somewhat curtailed 
The optimum conditions for struvite recovery by struvite pyrolysate vary with respect to recovery source. has been reported to be 37% more cost effective compared to struvite precipitation using pure chemicals.
While adding Mg source, it is to be noted that, there might be addition of other nonparticipating ion that may hinder the precipitation process. Table 2 ), which could interfere in recovery process, by promoting formation of phosphates.
Magnesite also contains non desirable inhibiting ions such as Ca (1.5 mass%) and Fe (0.8 mass%) . High concentration of heavy metal exceeding fertilizer regulatory limit is reported in struvite produced using wood ash as Mg source (Sakthivel et al., 2011) . This may limit prospects of wood ash as Mg source. However, heavy metal content can be reduced by a controlled wood ash production process (Sakthivel et al., 2011 ).
( Table 2 . Composition of alternative Mg sources used for struvite production)
From the above discussion, it is seen that, in struvite production high grade ( Table 3 . Different seeds used in struvite recovery and their effects on recovery)
Surface roughness, dosing of the seed, grain size and super-saturation of crystallizing solution directly influence the effectiveness of a seed, under similar process conditions (Ohlinger et al., 1999) . Deposition of crystal is directly proportional to relative surface roughness of seed and stainless steel having the maximum roughness was found to be most affective among constructional material followed by polyvinyl chloride and acrylic plastic (Ohlinger et al., 1999) . Surface roughness might help creation of local turbulence or increase surface area providing nucleation sites for crystal development (Ohlinger et al., 1999) . Increasing the dose and grain size of struvite seed increase ammonium and phosphate removal through struvite formation (Huang et al., 2010a) . In saponification wastewater generated from processing of rare-earth elements, maximum ~3% increase in ammonium removal efficiency was achieved through formation of struvite when struvite seed size was increased from a range of 0.05 0.098 mm to 0.098 0.150 mm.
Again, ammonium removal efficiency was enhanced by ~3% when the struvite seed dose was increased from 15 g l From the above discussion it is seen that, seeding has effect on induction time and recovery efficiency of struvite crystallization. However, process needs optimization with respect to seed dose and size. The process of struvite crystallization through use of seed material is energy and cost intensive process as amounts of seed requirement is often high to make crystallization effective. Energy is needed to keep the seeds suspended in crystallizing solution (Battistoni et al., 2005) . Most of the reported findings of seed use in struvite production are based on synthetic waste (Table 3) . Therefore, further investigation is required to investigate efficacy of seed material with varying parameter (such as pumice stone, stainless steel mesh and borosilicate glass) in real waste source.
Struvite precipitation as a method of nitrogen conservation
Precipitation of struvite helps in realizing some additional benefits as described in the introduction part, which promotes for adoption of the process at larger scale. Improving compost quality through conservation of nitrogen by struvite precipitation is such a beneficial process, as nitrogen in compost is otherwise susceptible to emission loss. From the above discussion it is seen that struvite crystallization can be successfully applied to food waste composting process to improve agronomic value. However, struvite crystallization process has not been demonstrated for any other compost apart from food waste compost. Care has to be taken for controlling salination that may arise from nutrient The fertilizing effect of struvite varies with soil type due to differences in solubility and sorption properties in soils. Struvite is most effective in soil of moderate or low pH but its efficacy is limited in soils with marginal fertility and high pH. Solubility of struvite is improved under acidic conditions, increasing fertilizer efficiency. Acidic conditions result in enhanced P adsorption to soil and consequently its dissolution and availability (Bowden et al., 1980 However, it is difficult to maintain enough crushing strength for small pellets. Crushing strength increases with the increase in pellet size up to 2.36 mm, beyond which it decreases which can be attributed to low density in larger pellets (Fattah, 2010) . To maintain optimum crushing strength for pellets bigger than a particular size, coating of pellet is suggested for hardening (Fattah, 2010) . When tested on rye grass under green house condition, it is found that struvite particle size has a direct influence on nutrient release rate up to certain period of plant growth (Nelson, 2000) . N release rate is higher for smaller particles of struvite compared to coarser ones up to 3-6 weeks of plant growth (Nelson, 2000) . However, influence of granule size becomes insignificant after certain stage of plant growth, as release rate is accelerated once soil is depleted with plant growth. This however, is a typical characteristic of a slow release fertilizer.
Quality standard of struvite can be described in terms of its composition and purity (Table 4) . Pathogenic content of struvite from black water and human urine is found to be below regulatory limit of Dutch fertilizer regulations (Gell et al., 2011 ).
( Table 4 Composition of struvite recovered from various sources)
b) Struvite fertilizer effect on crop growth
There have been many reports evaluating the effect of struvite as fertilizer on variety of crops. The fertilizer effect of struvite as studied on 20 plant varieties has been presented in Table 5 were found to be higher in landfil leachate derived struvite treatment compared to chemical P fertilizer, although the effect was not significant in terms of chlorophyll content, and plant moisture (Prater, 2014) . Improvement of P fertilizer efficiency by over 55% with Mg application equivalent to 80 kg ha Nonetheless, out of the 19 studies (Table 5 ), 14 studies reported superior or comparable effect of struvite fertilizer over the chemical fertilizer on crop growth.
( Table 5 Effect of struvite as fertilizer on various plants)
It is seen from the above discussion that, there is a wide variation in fertilizing effect of struvite on crop growth. Such variation ranges from no significant impact to significant effect on uptake of P and Mg and biomass yield. However, the findings are subjected to various factors such as soil type, plant type and climate. It is also reported that, extraction of Phosphate rock fertilizer is still economical than production of struvite (Forrest et al., 2008) . However, in view of the associated benefits of struvite recovery process (cost savings from sludge volume reduction and prerequisite for chemical treatment; conservation of limited P resources and the safe disposal of waste), struvite recovery could to be an attractive and feasible alternative in future.
Future prospects
There are future scopes for struvite process improvements addressing the issues of appropriate chemical input and corresponding cost dynamics. Optimum utilization of Mg source would require strategies for reactivity enhancement and removal of other nonparticipating impurity ions (Ca, Fe, SO 4 2-etc.) which otherwise hinder the recovery process. Again, to establish profound effect of seed on struvite precipitation, further investigation is required considering real waste source. Investigation on potential application of struvite on a range of crops corresponding to different climatic and edaphic factors would enhance struvite market development. Further, quality standard of struvite specific to different recovery sources is also expected to bring positive impact on struvite market. Strategy for struvite market development should focus on a holistic approach considering pricing, purity, size, storage, transportation and distribution in view with the legal framework of contaminants and eco-toxicity. This will help to develop an added value P rich product that can be used as a supplement to prevailing nutrient supply system.
The overall impacts of such technological successes would be profound on global food security.
Conclusions
In the present study, different aspects of struvite recovery processes are critically analyzed with special references to (i) input of alternative Mg sources and (ii) seed aided crystallization. The efficacy of the process for nitrogen conservation as well as struvite use as alternative fertilizer are also adequately highlighted using the available literature. Study shows process efficiency and cost affectivity can be assured by replacing high grade Mg input with low grade Mg rich by-products. Impurity free Mg sources with significant soluble Mg content improve struvite quality and enhance its acceptability as fertilizer.
Further, addition of seed at optimum size and dosing enhances struvite crystallization.
Struvite recovery can be successfully integrated to composting process to improve agronomic value of compost. However, compost quality should be checked against salination that could arise due to nutrient supplementation (PO 
